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Abstract:	
We	 present	 an	 experimental	 study	 of	 spin	 transport	 in	 single	 layer	 graphene	 using	 atomic	 sheets	 of	
hexagonal	 boron	 nitride	 (h-BN)	 as	 a	 tunnel	 barrier	 for	 spin	 injection.	 While	 h-BN	 is	 expected	 to	 be	
favorable	for	spin	injection,	previous	experimental	studies	have	been	unable	to	achieve	spin	relaxation	
times	in	the	nanosecond	regime,	suggesting	potential	problems	originating	from	the	contacts.	Here,	we	
investigate	 spin	 relaxation	 in	 graphene	 spin	 valves	with	h-BN	barriers	 and	observe	 room	 temperature	
spin	lifetimes	in	excess	of	a	nanosecond,	which	provides	experimental	confirmation	that	h-BN	is	indeed	
a	good	barrier	material	 for	 spin	 injection	 into	graphene.	By	carrying	out	measurements	with	different	
thicknesses	of	h-BN,	we	show	that	few	layer	h-BN	is	a	better	choice	than	monolayer	for	achieving	high	
non-local	spin	signals	and	longer	spin	relaxation	times	in	graphene.	
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Graphene	is	a	promising	spin	channel	material	for	next	generation	spintronic	devices	due	to	the	
experimental	 demonstration	 of	 long	 spin	 diffusion	 lengths	 at	 room	 temperature1-3	 and	 theoretical	
predictions	of	long	spin	relaxation	times4,5	arising	from	the	weak	spin-orbit	and	hyperfine	couplings5,6		.	
However,	 experimentally	 measured	 spin	 relaxation	 times1-3,7,8	 in	 graphene	 are	 orders	 of	 magnitude	
shorter	than	theoretically	predicted4,5.	In	graphene	spin	valves,	the	tunnel	barrier	plays	a	crucial	role	for	
spin	 injection	 by	 circumventing	 the	 problem	 of	 impedance	 mismatch9	 between	 graphene	 and	 the	
ferromagnetic	electrodes.	As	demonstrated	by	Han	et.	 al.8,	 high	quality	 tunnel	barriers	are	 critical	 for	
obtaining	higher	spin	relaxation	times	(τs)	 in	graphene	because	barriers	with	pinholes	or	rough	surface	
morphology	 can	 cause	 additional	 contact-induced	 spin	 relaxation,	which	 has	 received	 a	 great	 deal	 of	
interest	 recently.10-14	As	opposed	 to	growing	oxide	 tunnel	barriers	on	graphene,	a	 thin	 insulating	 two-
dimensional	 (2D)	van	der	Waals	material	can	also	be	used	as	a	 tunnel	barrier.	A	particular	material	of	
interest	is	single	(or	few)	layer	h-BN	because	of	its	various	suitable	properties15:	large	energy	band	gap	
~5.97	eV,	high	crystallinity,	spin	filtering16,	absence	of	pinholes	and	dangling	bonds,	atomic	lattice	similar	
to	 graphene,	 and	 chemical	 stability	 at	 ambient	 conditions.	 In	 addition,	 atomically	 clean	 vertical	
heterostructures	 of	 h-BN/graphene	 can	 be	 mechanically	 assembled	 using	 polymer-based	 transfer	
techniques17,18.	 The	 first	 experimental	 report	 demonstrating	 spin	 injection	 into	 graphene	 using	 a	
monolayer	h-BN	tunnel	barrier	showed	τs	less	than	100	ps19.	This	was	followed	by	the	work	of	Kamalakar	
et.	 al.20,21	 and	 Fu	 et.	 al.22,	 which	 used	 chemically	 grown	 h-BN	 barriers,	 yielding	 τs	 ~	 500	 ps.	 Another	
recent	 study	 using	 an	 encapsulated	 geometry23	 with	 graphene	 sandwiched	 between	 a	 thick	 bottom	
layer	 of	 h-BN	 and	 a	 monolayer	 of	 h-BN	 on	 top	 showed	 τs	 less	 than	 200	 ps.	 	 As	 evident	 from	 these	
studies,	graphene	spin	valve	devices	with	h-BN	tunnel	barriers	have	yielded	relatively	small	values	for	τs	
(<	 1	 ns)	 that	 are	 comparable	 to	 or	 lower	 than	 the	 values	 obtained	 using	 oxide	 barriers.	 Thus,	 it	 is	
worthwhile	to	ask:	are	h-BN	tunnel	barriers	compatible	with	longer	spin	lifetimes	in	graphene?		
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In	 this	 letter,	we	perform	spin	 transport	 in	single	 layer	graphene	spin	valve	devices	with	h-BN	
tunnel	 barriers	 and	 observe	 spin	 relaxation	 times	 exceeding	 a	 nanosecond	 at	 room	 temperature,	 the	
highest	 values	achieved	 so	 far	 for	devices	employing	h-BN	 tunnel	barriers.	 In	addition,	we	 investigate	
the	thickness	dependent	characteristics	of	the	h-BN	tunnel	barriers	and	find	that	few	layer	h-BN,	rather	
than	monolayer,	 is	 required	to	observe	 large	non-local	spin	signals	and	 longer	spin	relaxation	times	 in	
graphene.	Our	work	establishes	the	effectiveness	of	ultrathin	h-BN	as	a	high	quality	 tunnel	barrier	 for	
spin	 injection	 into	 graphene,	 which	 is	 a	 crucial	 step	 towards	 realizing	 high	 performance	 spintronic	
devices	based	completely	on	ultrathin	van	der	Waals	materials.	
For	 making	 h-BN/graphene	 interfaces,	 thin	 h-BN	 flakes	 are	 exfoliated	 from	 bulk	 crystals	 (HQ	
graphene)	on	a	90	nm	SiO2/Si	wafer,	and	the	thickness	of	h-BN	is	confirmed	by	atomic	force	microscopy	
(AFM).	 On	 a	 separate	 300	 nm	 SiO2/Si	 substrate,	 Kish	 graphite	 is	 exfoliated	 to	 obtain	 single	 layer	
graphene,	confirmed	by	Raman	spectroscopy.	Figure	1a	shows	the	Raman	spectra	of	the	graphene	used	
in	 the	 h-BN/graphene	 heterostructures.	 Thin	 h-BN	 is	 transferred	 onto	 single	 layer	 graphene	 using	 a	
process	 similar	 to	 Zomer	 et.	 al.24	 In	 short,	 a	 polydimethylsiloxane	 (PDMS)	 stamp	 coated	 with	
polycarbonate	(PC)	polymer	is	attached	to	a	glass	slide	and	is	brought	in	contact	with	an	exfoliated	h-BN	
flake.	Next,	the	PC	film	is	heated	to	70	°C	to	pick-up	the	h-BN	flake	from	the	SiO2	surface.	Once	the	h-BN	
is	on	the	PC	film,	it	is	optically	aligned	to	the	desired	graphene	flake	and	then	the	PC	film	is	melted	onto	
the	graphene	 flake’s	 substrate	at	150	 °C.	The	PC	 film	 is	 removed	by	dissolving	 it	 in	 chloroform	 for	30	
minutes.	Afterward,	the	h-BN/graphene	heterostructure	is	cleaned	by	annealing	in	H2/Ar	forming	gas	at	
350	 °C	 for	 3	 hours.	 Figure	 1c	 shows	 the	 surface	 topography	 of	 the	 measured	 h-BN/graphene	 stack,	
where	 the	 top	h-BN	and	 the	graphene	are	outlined	by	 yellow	and	 red	dashed	 lines,	 respectively.	 The	
measured	thickness	of	the	h-BN	is	0.85	nm,	as	shown	by	the	step	height	in	the	inset	of	Figure	1b,	which	
corresponds	 to	 2-3	 layers	 of	 h-BN25	 (monolayer	 thickness	 is	 ~0.34	 nm).	 Although	 there	 are	 few	 small	
bubbles	trapped	between	the	graphene	and	h-BN,	there	are	still	 large	bubble-free	regions	that	can	be	
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used	for	the	cobalt	contacts.	Figure	1c	shows	the	optical	microscope	image	of	the	measured	spin	valve	
device,	 in	 which	 yellow	 dotted	 lines	 highlight	 the	 boundary	 of	 the	 h-BN	 tunnel	 barrier.	 In	 order	 to	
electrically	 characterize	 the	 graphene	 sheet,	 we	 measure	 the	 four-probe	 resistance	 (at	 room	
temperature)	of	graphene	as	a	function	of	back	gate	voltage	(VG)	applied	to	the	degenerately	doped	Si	
substrate	(Figure	1d).	An	electron	mobility	of	4000	cm2/Vs	is	extracted	from	the	slope	of	the	graphene	
conductivity	 versus	 gate	 voltage	 scan26.	 The	 contact	 resistance	 of	 the	 electrodes	with	 h-BN	 barrier	 is	
measured	 using	 a	 three-probe	 measurement	 configuration8.	 The	 zero	 bias	 contact	 resistance	 of	 the	
electrodes	varies	from	a	few	kilo-Ohms	(kΩ)	to	hundreds	of	kΩ	depending	on	the	thickness	of	the	h-BN.	
This	will	be	discussed	in	detail	later.		
We	begin	by	discussing	the	spin	transport	measurements	carried	out	at	room	temperature.	For	
the	 data	 presented	 here,	 the	 graphene	 channel	 length	 is	 1.5	microns	 (µm)	 and	width	 is	 2.5	µm.	 The	
contact	resistances	of	the	injector	(E2;	Fig.	1c)	and	detector	(E3;	Fig.	1c)	electrodes	are	42	kΩ	and	6	kΩ,	
respectively.	 	 The	 temperature	 dependence	 and	 bias	 dependence	 of	 the	 contact	 resistances	 indicate	
tunneling	 behavior	 (see	 supplementary	 material).	 To	measure	 the	 non-local	 magnetoresistance	 (MR)	
signal,	we	perform	low	frequency	ac	measurements	using	a	current	excitation	of	1	µΑ	rms.	As	shown	by	
the	schematic	in	the	inset	to	Figure	2a,	spin	injection	current	is	applied	between	the	electrodes	labeled	
E1	 and	 E2,	 and	 a	 non-local	 voltage	 signal	 is	 measured	 using	 the	 electrodes	 labeled	 E3	 and	 E4.	 An	
external	magnetic	field	is	swept	in	the	plane	of	the	graphene	device	(along	the	electrode’s	length),	and	a	
non-local	voltage	signal	is	recorded	as	a	function	of	the	applied	magnetic	field.	To	obtain	the	non-local	
resistance	(RNL),	the	voltage	signal	is	divided	by	the	magnitude	of	applied	current	(1	µA).	Figure	2a	shows	
the	 observed	 non-local	 MR	 signal	 at	 room	 temperature,	 where	 black	 circles	 are	 data	 recorded	 by	 a	
sweep	 in	 increasing	 magnetic	 field.	 At	 ~20	 mT,	 we	 see	 an	 abrupt	 change	 in	 RNL	 when	 one	 of	 the	
magnetizations	reverses	to	create	an	antiparallel	alignment	of	the	injector	and	detector	magnetizations	
(arrows	 indicate	 the	 relative	 alignment	of	 the	magnetizations	 throughout	 the	magnetic	 field	 sweeps).	
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This	 is	 the	hallmark	of	spin	 transport	 from	 injector	 to	detector.	With	 further	 increase	of	 the	magnetic	
field,	the	resistance	signal	again	changes	back	to	the	original	value	due	to	the	alignment	of	the	injector	
and	detector	magnetizations	back	to	a	parallel	configuration.	Also	shown	in	Figure	2a	 is	the	MR	signal	
when	 sweeping	with	 a	 decreasing	magnetic	 field	 (blue	 circles).	 	 The	magnitude	 of	 the	measured	MR	
signal	(ΔRNL)	is	defined	as	the	difference	of	RNL	between	the	parallel	and	antiparallel	configurations,	and	
is	approximately	4	Ω	for	the	measured	device	at	VG	=	+10	V.	We	also	measure	the	gate	dependence	of	
the	non-local	MR	on	the	applied	gate	voltage,	which	tunes	the	polarity	and	density	of	the	charge	carriers	
and	 observe	 ΔRNL	 as	 large	 as	 5	 Ω	 over	 the	 measured	 gate	 voltage	 range	 (data	 shown	 in	 the	
supplementary	Figure	S2b).	
To	 study	 the	 spin	 relaxation	 times	 in	 the	 graphene	 channel,	we	perform	non-local	Hanle	 spin	
precession	measurements	at	room	temperature.	In	a	typical	Hanle	measurement,	the	in-plane	polarized	
spins	precess	in	the	graphene	plane	by	an	externally	applied	out	of	plane	magnetic	field.	After	aligning	
the	 magnetization	 of	 the	 injector	 and	 detector,	 either	 in	 a	 parallel	 or	 antiparallel	 configuration,	 a	
magnetic	 field	 is	 swept	 perpendicular	 to	 the	 plane	 of	 the	 graphene	 device	 to	measure	 the	 non-local	
resistance	signal	as	a	function	of	applied	magnetic	field.	Figure	2b	shows	the	Hanle	curves	obtained	for	
the	 graphene	 spin	 valve	 device	 measured	 in	 parallel	 (blue	 circles)	 and	 antiparallel	 (black	 circles)	
configuration.	The	measured	sweeps	for	parallel	and	antiparallel	configurations	are	subtracted	to	obtain	
the	 curve	 as	 shown	 in	 Figure	 2c	 (black	 circles).	 In	 general,	 once	 the	 spins	 are	 injected	 from	 the	
ferromagnetic	electrode,	the	spin	transport	in	graphene	can	be	described	by	majority	and	minority	spin	
channels.	 The	 voltage	 signal	 measured	 at	 the	 detector	 electrode	 is	 proportional	 to	 net	 spin	
accumulation	 (μS),	 where	 |μS|	 is	 the	 difference	 of	 the	 electrochemical	 potentials	 of	 majority	 and	
minority	 spins	 and	 the	 vector	 points	 along	 the	 polarization	 axis.	 This	 spin	 accumulation	 in	 an	 applied	
magnetic	field	can	be	described	by	solving	the	steady	state	Bloch	equation:	
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	 	 	 	 𝐷∇!𝝁𝒔 − 𝝁𝒔!! +  𝝎𝑳 × 𝝁𝒔 = 0,				 	 	 	 															(1)															
where	𝐷 is	the	diffusion	constant	in	the	graphene	channel, 𝜏! is	the	spin	relaxation	time,	𝛚𝐋 =	𝑔µ!𝐁/ℏ	
is	 the	 Larmor	 frequency,	g	 =	 2	 is	 the	 gyromagnetic	 factor,	 μB	is	 the	 Bohr	magneton,	ℏ	is	 the	 reduced	
Planck’s	 constant,	 and	B	 is	 the	externally	 applied	magnetic	 field.	 To	 fit	 the	measured	non-local	Hanle	
data	we	use	an	analytical	expression	developed	by	Sosenko	et.	al.27	which	is	the	solution	to	the	steady	
state	Bloch	equation	(eq.	1)	in	the	presence	of	boundary	conditions	for	the	injection	and	absorption	of	
spin	current	at	the	ferromagnetic	electrodes: 	
𝑅!"± = ±𝑝!𝑝!𝑅!𝑓																																																																							(2) 
where	the	±	corresponds	to	the	relative	alignment	of	injector/detector	magnetizations,		p1	and	p2	are	
the	electrode	spin	polarizations,	𝑅! =  !! ! !!	is	the	spin	resistance	of	graphene,	λ	is	the	spin	diffusion	
length	in	graphene	(related	to	τs	by	𝜆 = 𝐷𝜏!),	W	is	the	width	of	the	graphene,	σN	is	the	conductivity	of	
graphene	and	
       𝑓 = 𝑅𝑒   2 1 + 𝑖𝜔!𝜏! + !!   !!! + !!!  𝑒 !! !!!!!!! + !!!!!!  !"#$ !! !!!!!!!!!!!!!!   !!																											(3)	
In	the	function	f,	𝑟! = !!!!!!!!" 𝑊		with	𝑖 = 𝑠,𝑑	for	the	injector	and	detector,	respectively,	RC	is	the	contact	
resistance,	RSQ	 is	the	graphene	sheet	resistance,	RF	=	ρFλF/A	is	the	spin	resistance	of	the	ferromagnetic	
electrode	 material,	 ρF	 is	 the	 resistivity	 of	 the	 ferromagnet,	 λF	 is	 the	 spin	 diffusion	 length	 in	 the	
ferromagnet,	and	A	is	the	area	of	the	graphene/electrode	junction.			
Using	 Equation	 2,	 the	 experimentally	 obtained	 Hanle	 curves	 can	 be	 fit	 using	 τs,	 λ,	 and	 the	
product	 p1p2	 as	 fitting	 parameters.	 The	 fit	 for	 the	 Hanle	 curve	 at	 zero	 gate	 voltage	 (solid	 red	 line	 in	
Figure	 2c)	 yields	 values	 of	 τs	 =	 1.86	 ns,	 λ = 5.78	 μm,	 𝑝!𝑝! 	=	 0.053,	 and	 D	 =	 0.018	 m2/s.	 The	
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corresponding	 spin	 injection	 efficiency	 is	 found	 to	 be	 0.052	 (see	 supplementary	 material).	 We	 also	
investigated	 the	 gate	 dependence	 of	 the	 spin	 lifetimes	 by	 measuring	 Hanle	 precession	 curves	 at	
different	 VG	 and	 fitting	 each	 of	 these	 curves	 with	 Equation	 2.	 Figure	 2d	 shows	 the	 extracted	 τs	as	 a	
function	 of	applied	 gate	 voltages,	where,	 for	most	 of	 the	 applied	 gate	 voltages,	 τs	 exceeds	 1	 ns.	 This	
experimental	 demonstration	 of	 nanosecond	 spin	 lifetimes	 in	 graphene	 on	 SiO2	 substrates	 at	 room	
temperature,	 employing	 h-BN	 tunnel	 barriers,	 is	 the	 central	 result	 of	 this	 work.	 	 These	 observed	
nanosecond	spin	 lifetimes	are	the	highest	values	reported	 in	the	 literature	 for	a	single	 layer	graphene	
channel	 employing	 an	 h-BN	 tunnel	 barrier19-23.	 It	 is	 important	 to	 note	 that	 for	 van	 der	 Waals	
heterostructures,	 it	 is	non-trivial	to	achieve	clean	interfaces17,28,	and	the	impurities	(or	residues)	at	the	
interface	can	affect	the	electrical	and	spin	related	properties	across	the	van	der	Waals	heterostructures.	
One	 possible	 explanation	 for	 the	 high	 quality	 spin	 transport	 observed	 in	 our	 studies	 may	 be	 the	
relatively	 clean	 h-BN/graphene	 interface,	 evidenced	 by	 the	 flat	 surface	 topography	 of	 the	
heterostructure,	in	areas	where	we	deposited	ferromagnetic	electrodes	for	spin	injection.	
We	have	also	spin	transport	in	graphene	spin	valves	using	monolayer	h-BN19,25	(~0.50	nm	thick)	
tunnel	barriers,	 in	contrast	to	the	few	layer	(2-3)	h-BN	barriers	discussed	so	far.	Here	we	present	data	
using	 a	 pair	 of	 electrodes	 with	 injector	 and	 detector	 contact	 resistance	 of	 7.7	 kΩ	 and	 3.7	 kΩ	
respectively.	The	detailed	temperature	dependence	of	the	contact	resistance	is	shown	in	supplementary	
material.			The	graphene	channel	length	is	5	µm	and	width	is	4.9	µm.	The	charge	carrier	mobility	of	the	
graphene	channel	is	8000	cm2/Vs.	As	shown	in	Figure	3c,	the	non-local	MR	signal	measured	at	11	K	and	
VG	=	+10	V	exhibits	a	magnitude	of	170	mΩ.	We	present	data	taken	at	low	temperatures	because	we	are	
unable	 to	 resolve	 clear	 MR	 switching	 at	 RT	 beyond	 the	 noise,	 but	 can	 observe	 clear	 MR	 at	 low	
temperatures.	The	magnitude	of	the	MR	(ΔRNL)	as	a	function	of	gate	voltage	varies	from	100	mΩ	to	350	
mΩ	 (data	 shown	 in	 the	 supplementary	 material).	 Figure	 3b	 shows	 the	 Hanle	 curve	 (black	 circles)	
obtained	 by	 carrying	 out	 non-local	 Hanle	 measurements	 at	 a	 VG	 =	 +10	 V.	 By	 fitting	 the	 data	 with	
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Equation	2	we	extract	τs	=	490	ps,	λ=3.8	μm,	 𝑝!𝑝! = 0.023,	and	D	=	0.03	m2/s.	 	Figure	3c	shows	the	
extracted	τs	as	a	function	of	applied	gate	voltage,	where	the	inset	shows	the	gate	dependent	resistance	
of	 the	measured	 graphene	 channel.	 The	 spin	 relaxation	 times	 extracted	 from	 the	Hanle	 curves	 range	
from	300	ps	-	600	ps,	which	are	similar	to	(or	slightly	higher	than)	previous	studies	employing	monolayer	
h-BN	 tunnel	 barriers19,23.	 Our	 measurements	 suggest	 that	 monolayer	 h-BN	 may	 not	 be	 the	 optimal	
choice	 for	 efficient	 spin	 injection,	 while	 thicker	 h-BN	 allows	 the	 realization	 of	 larger	MR	 signals	 and	
longer	 spin	 relaxation	 times	 in	 graphene	 spin	 valves.	 One	 of	 the	 possible	 reasons	 for	 higher	 spin	
relaxation	times	in	graphene	using	multilayer	h-BN	tunnel	barriers	could	be	related	to	the	fact	that	few	
layer	h-BN	(on	SiO2	substrate)	is	flatter17,	i.e.	less	ripples	in	surface	morphology,	than	single	layer	h-BN.	
This	 could	 lead	 to	 smoother	 growth	 of	 cobalt	 electrodes	 on	 multilayer	 h-BN	 and	 thus	 reducing	 the	
contact-induced	spin	dephasing	mechanism	due	to	the	magnetostatic	fringe	field29	of	the	ferromagnetic	
material.	 Apart	 from	 this,	 we	 also	 speculate	 that	 single	 layer	 h-BN	 is	 more	 prone	 to	 surface	
contaminants	such	as	organic	residues	or	wrinkles	during	the	transfer	process	and	can	cause	additional	
spin	dephasing	under	the	ferromagnet	contact	resulting	in	shorter	spin	relaxation	times	in	graphene.	
In	 order	 to	 investigate	 the	 range	 of	 h-BN	 thickness	 required	 to	 observe	 large	MR	 signals	 and	
higher	spin	relaxation	times	in	graphene	spin	valves,	we	have	prepared	different	h-BN/graphene	stacks	
with	 h-BN	 thicknesses	 varying	 from	 ~	 0.50	 nm	 to	 3.20	 nm.	 The	 thicknesses	 of	 the	 h-BN	 flakes	 were	
characterized	by	AFM.	 In	 total,	we	measured	six	different	devices	with	h-BN	tunnel	barriers.	For	each	
device	with	multiple	ferromagnetic	electrodes,	the	interfacial	contact	resistance	was	measured	using	a	
3-probe	configuration8,	wherein	the	differential	contact	resistance	(dV/dI)	was	measured	as	function	of	
dc	bias	current	at	 low	temperature.	The	dV/dI	curves	show	a	zero	bias	peak,	as	expected	for	a	tunnel	
barrier.	The	values	of	zero	bias	dV/dI	as	function	of	the	h-BN	thickness	are	plotted	in	Figure	4	for	all	the	
measured	electrodes.	The	gray	dotted	circle	denotes	the	region,	corresponding	to	h-BN	thicknesses,	for	
which	we	were	able	to	observe	MR	signals.	We	did	not	observe	any	non-local	MR	signal	in	devices	with	
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h-BN	 thickness	 larger	 than	 1.50	 nm	 (~4	monolayers	 of	 h-BN).	 Note	 that	 one	would	 expect	 to	 have	 a	
small	distribution	of	contact	resistances	for	a	given	h-BN	thickness,	but	the	interfacial	inhomogeneities	
(e.g.,	bubbles	or	organic	residues)	at	the	h-BN/graphene	interface	over	mesoscopic	size	areas	could	give	
rise	to	the	observed	contact	resistance	distributions.			
In	 conclusion,	 our	 experimental	work	 demonstrates	 that	 h-BN	 is	 a	 high	 quality	 tunnel	 barrier	
material	 for	spin	 injection	 into	graphene,	as	evident	from	our	data	showing	large	non-local	MR	signals	
and	 nanosecond	 spin	 relaxation	 times	 at	 room	 temperature.	 Our	 experimental	 observations	 indicate	
that	 few	 layer	 h-BN	 leads	 in	 better	 characteristics,	 as	 opposed	 to	monolayer	 h-BN,	 for	 tunnel	 barrier	
applications	to	achieve	higher	quality	spin	transport	in	graphene.	More	experimental	studies	are	needed	
to	further	improve	the	interface	quality	of	h-BN/graphene	in	order	to	exploit	the	full	potential	of	van	der	
Waals	heterostructures	for	spin	related	physics	in	graphene	and	other	2D	materials.	
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Figure	Captions:	
	
Figure	1:	(a)	Raman	spectra	confirming	single	layer	graphene.	(b)	Atomic	force	microscopy	of	the	h-
BN/graphene	stack	(before	defining	the	ferromagnetic	electrodes)	showing	the	topography	of	graphene	
and	thin	h-BN.	The	boundaries	of	the	graphene	and	top	h-BN	are	highlighted	by	red	and	yellow	dotted	
line,	respectively.		The	thickness	of	the	h-BN	is	~0.85	nm	(2-3	monolayers)	and	the	step	height	of	h-BN	is	
shown	in	the	inset.	(c)	The	optical	image	of	the	completed	device,	with	different	electrodes	used	for	the	
measurements	labeled	for	convenience.	The	h-BN	flake	boundary	is	depicted	by	yellow	dotted	lines.	(d)	
The	gate	dependent	resistance	of	the	graphene	channel	measured	at	room	temperature.		
	
Figure	 2:	Spin	transport	in	single	layer	graphene	using	few	layer	h-BN	tunnel	barriers,	measured	at	
room	 temperature.	 (a)	 Non-local	 magneto-resistance	 (MR)	 signal	 measured	 in	 a	 graphene	 spin	 valve	
with	 h-BN	 tunnel	 barriers	 using	 E2	 and	 E3	 as	 injector	 and	 detector	 electrodes,	 respectively,	 at	 room	
temperature.	The	blue	and	black	arrows	represent	the	relative	magnetization	direction	of	 injector	and	
detector	 electrodes.	 ΔRNL	 is	 the	 magnitude	 of	 the	 MR	 signal.	 Inset:	 schematic	 of	 the	 non-local	
measurement	 configuration.	 (b)	 Non-local	 Hanle	 spin	 precession	 signal	 measured	 in	 parallel	 (blue	
circles)	and	antiparallel	(black	circles)	configuration	by	applying	an	out	of	plane	magnetic	field.	The	blue	
and	black	arrows	represents	the	relative	magnetization	direction	of	injector	and	detector.	(c)	Non-local	
Hanle	spin	precession	curve	(black	circles)	obtained	by	subtracting	parallel	and	antiparallel	Hanle	curves	
from	Figure	2b.	The	thick	red	 line	 is	 the	 fit	 to	 the	data	to	extract	 the	spin	relaxation	time	(τs).	 (d)	The	
gate	dependence	of	the	fitted	spin	relaxation	times	over	a	range	of	applied	back	gate	voltages.		
	
Figure	3:	Spin	transport	in	single	layer	graphene	using	monolayer	h-BN	tunnel	barriers,	measured	at	
11	K.	(a)	Non-local	magnetoresistance	(MR)	signal	measured	in	a	graphene	spin	valve	using	monolayer	h-
BN	 at	 VG	 =	 +10	 V.	 (b)	 Non-local	 Hanle	 signal	 (black	 circles)	 measured	 by	 applying	 an	 out	 of	 plane	
magnetic	field	at	VG	=	+10	V.	The	red	line	is	the	fitting	to	the	data	to	extract	spin	relaxation	time	(τs).	(c)	
The	fitted	spin	relaxation	times	as	function	of	applied	back	gate.	Inset:	graphene	channel	resistance	as	a	
function	of	gate	voltage.	
	
Figure	4:	Low	temperature	tunneling	characteristics	of	different	thickness	h-BN	barriers.	Differential	
contact	 resistance	of	 the	electrodes	 (for	6	different	devices)	 is	 shown	as	a	 function	of	AFM	measured	
thickness	of	the	h-BN	layer.	The	gray	circle	shows	the	region	for	which	we	have	observed	MR	signals.		
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I.	Temperature	dependence	of	contact	resistances	
We	present	 the	 temperature	 dependence	 of	 the	 contact	 resistances	 of	 the	 injector	 and	 detector	
electrodes.	For	the	0.85	nm	thick	h-BN	tunnel	barrier,	the	inset	to	the	Figure	S1a	shows	the	measured	
dV/dI	curve	as	a	function	of	dc	bias	current	for	both	the	injector	and	detector	electrodes.		The	zero	bias	
contact	 resistance	of	 injector	and	detector	electrodes,	 for	which	we	have	presented	data	 in	 the	main	
text,	shows	very	weak	temperature	dependence	from	11	K	to	300	K.	This	indicates	tunneling	contacts,	in	
contrast	 to	 pinhole	 barriers	 which	 display	 a	 sharp	 increase	 in	 contact	 resistance	 with	 increasing	
temperature.	 Similarly,	 the	 temperature	 dependence	of	 contact	 resistance	of	 the	 0.50	nm	 thick	 h-BN	
tunnel	barrier	is	shown	in	Figure	S1b.	The	dc	bias	dependence	of	the	contact	resistance	is	shown	in	the	
inset	to	the	Figure	S1b.		
	
Figure	S1:	The	temperature	dependence	of	the	zero	bias	contact	resistance	of	the	injector	(black	filled	
circles)	 and	 the	 detector	 (red	 filled	 circles)	 electrode.	 Inset:	 the	 differential	 contact	 resistance	 of	 the	
injector	 (black	 filled	 circles)	 and	 detector	 (red	 filled	 circles)	 electrodes	 as	 a	 function	 of	 bias	 current	
measured	at	11	K.	(a)	Contact	resistances	for	the	0.85	nm	thick	h-BN.	(b)	Contact	resistances	for	the	0.50	
nm	thick	h-BN	tunnel	barrier.		
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II.	Gate	dependence	of	non-local	MR	signals	
We	show	the	gate	dependence	of	the	non-local	MR	signals	measured	using	different	thicknesses	of	
the	h-BN	tunnel	barrier.	Figure	S2a	shows	the	MR	signals,	measured	using	0.85	nm	h-BN	tunnel	barrier,	
at	 room	 temperature	 for	 the	 applied	 back	 gate	 voltages	 ranging	 from	 -40	V	 to	 +30	V.	 The	MR	 signal	
varies	 from	2	Ω	to	5	Ω.	The	 inset	of	Figure	S2a	shows	the	gate	dependent	resistance	of	 the	graphene	
channel	where	the	Dirac	point,	maximum	resistance,	is	at	-30	V.		Figure	S2b	shows	the	gate	dependence	
of	the	MR	signal	measured	using	0.50	nm	thick	h-BN	tunnel	barrier.	The	MR	signals,	which	vary	from	100	
mΩ	to	350	mΩ,	are	measured	at	11	K.	The	graphene	channel	resistance	as	a	function	of	gate	voltage	is	
shown	in	the	inset	to	Figure	S2b.			
	
Figure	S2:	(a)	The	gate	dependence	of	the	magnitude	of	the	non-local	MR	signal	for	0.85	nm	thick	h-BN	
tunnel	barrier	at	room	temperature.	Inset	shows	the	resistance	of	the	graphene	channel	as	a	function	of	
applied	 back	 gate	 voltage.	 (b)	 Low	 temperature	 gate	 dependence	 of	 the	magnitude	 of	 the	MR	 signal	
using	0.50	nm	 thick	h-BN	 tunnel	barrier.	 Inset	 shows	 the	graphene	 resistance	 vs	 applied	 gate	 voltage	
scan.		
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III.	Spin	injection	efficiency	
The	 spin	 injection	 efficiency	 𝛾	 is	 defined	 as	 the	 polarization	 of	 the	 injected	 current,	
𝛾 = !!"#↑ !!!"#↓!!"#↑ !!!"#↓ .	This	is	an	important	quantity	that	depends	not	only	on	the	bulk	and	interfacial	spin	
polarizations	of	 the	 injector,	but	also	on	various	quantities	 such	as	 resistances,	 spin	diffusion	
lengths,	 etc.	 It	 is	 valuable	 to	 understand	 the	 factors	 which	 determine	 the	 spin	 injection	
efficiency	 for	 h-BN	 tunnel	 barriers,	 especially	 considering	 that	 the	 spin	 lifetime	 depends	
strongly	on	the	barrier	thickness	(Fig.	2	and	3	of	main	text).	To	this	end,	we	derive	the	relation	
between	𝛾	and	the	parameters	extracted	from	the	Hanle	fit	in	the	main	text	( 𝑝!𝑝!,	𝜏!,	𝜆,	𝐷)	
and	 quantities	 determined	 experimentally	 (e.g.	 resistances,	 geometry,	 etc.).	 Because	 we	 are	
interested	 in	 the	 spin	 injection	 efficiency	 in	 zero	 applied	 field,	 we	 consider	 the	 Takahashi-
Maekawa	model1	 which	 is	 the	 zero	 field	 limit	 of	 the	 Aji	 model2	 used	 in	 the	main	 text.	 The	
parameters	 𝜏!	 (spin	 lifetime),	 𝜆	 (spin	 diffusion	 length),	 and	𝐷	 (diffusion	 constant)	 are	 used	
similarly	in	both	models,	but	the	polarizations	are	defined	slightly	differently.	In	the	Takahashi-
Maekawa	 model,	 the	 spin	 polarization	 of	 the	 ferromagnet	 is	 the	 asymmetry	 of	 the	 bulk	
conductivity	 𝑝!,! = !!,!↑ !!!,!↓!!,!↑ !!!,!↓  ,	 where	 i	 =	 1	 for	 injector	 and	 2	 for	 detector,	 and	 the	 spin	
polarization	 of	 the	 junction	 is	 the	 asymmetry	 of	 the	 interfacial	 conductance	 𝑃!,! = !!↑!!!↓!!↑!!!↓ .	
However,	the	Aji	polarization	𝑝! 	is	a	weighted	average	of	𝑝!,! 	and	𝑃!,! 	given	by	𝑝! = !!,!!!!!!,!!!,!!!,!!!! ,	
where	 𝑅! 	 are	 the	 contact	 resistances	 and	 𝑅!,! = 𝜌!,!𝜆!,!/𝐴! 	 are	 the	 spin	 resistances	 of	 the	
injector	 (i=1)	and	detector	 (i=2)	 ferromagnets,	𝐴! 	are	 the	 junction	areas	and	𝜌!,! 	and	𝜆!,! 	are	
the	conductivity	and	spin	diffusion	lengths	of	the	ferromagnets,	respectively.	
5	
	
Using	the	approach	of	Takahashi	and	Maekawa1,	we	calculate	the	spin	injection	efficiency	to	
be	
				𝛾 = ! !!,! !!,!!!!!,!! !! ! !!,! !!!!!!,!! !!   ! ! !!!,!!!!!,!! !! ! !!!!!!!,!! !!  ! ! !!!,!!!!!,!! !! ! !!!!!!!,!! !!  ! ! !!!,!!!!!,!! !! ! !!!!!!!,!! !! ! !!!! !																												(S1)	
where	𝐿	 is	 the	 spacing	 between	 injector	 and	 detector,	𝑅! =  𝑅!" !!	 is	 the	 spin	 resistance	 of	
graphene,	𝑤	 is	 the	width	 of	 the	 graphene	 channel,	 and	𝑅!"(= !! )	 is	 the	 sheet	 resistance	 of	
graphene.			
In	the	limit	when	contact	resistance	of	the	injector	and	detector	electrodes	are	much	larger	
than	the	spin	resistance	of	the	ferromagnet	(i.e.	𝑅! ≫ 𝑅!,!),	the	spin	injection	can	be	written	as:	
																																									𝛾 = !  !!,! !!!!!!,!! !!   ! ! !!!!!!!,!! !!  ! ! !!!!!!!,!! !!  ! ! !!!!!!!,!! !! ! !!!! !																																										(S2)	
In	 addition,	 the	 Aji	 polarization	 becomes	 equal	 to	 the	 junction	 polarization	 (	𝑝! = 𝑃!,!  ).	 This	
limit	is	satisfied	for	the	h-BN	barriers	due	to	the	low	resistivity	of	the	ferromagnet.	Because	this	
does	not	assume	𝑅! ≫ 𝑅!,	 the	spin	 injection	efficiency	could	still	be	 reduced	by	conductivity	
mismatch	 (between	 graphene	 and	 ferromagnet)	 if	 the	 barrier	 resistance	 is	 comparable	 to	 or	
lower	than	the	graphene	spin	resistance.	
For	calculating	𝛾,	we	use	assume	𝑃!,!	=	𝑝!	=	𝑝!	=	 𝑝! 𝑝!	,	which	is	a	fit	parameter	from	Eq.	
2	 in	 the	 main	 text.	 Using	 Eq.	 S2,	 we	 extract	 𝛾 = 0.022	 and	 𝛾 = 0.052	 in	 graphene	 for	
monolayer	 and	 multilayer	 h-BN	 tunnel	 barrier,	 respectively,	 for	 measurement	 conditions	
6	
	
described	in	the	main	text	(e.g.	gate	voltage,	temperature,	etc.).	We	note	that	calculated	values	
of	 spin	 injection	 efficiencies	 are	 similar	 to	 the	 fitted	 values	 of	 𝑝! 𝑝!	 =	 0.023	 and	 𝑝! 𝑝!	 =	
0.053	for	monolayer	and	multilayer	h-BN,	respectively,	from	the	main	text.	This	illustrates	that	
the	spin	injection	efficiency	is	determined	by	the	junction	polarization	and	is	not	substantially	
reduced	by	the	conductivity	mismatch	between	the	ferromagnet	and	the	graphene	channel.	For	
both	 monolayer	 and	 multilayer	 h-BN	 tunnel	 barriers,	 we	 are	 in	 the	 limit	 where	 interfacial	
contact	 resistance	 is	 much	 higher	 than	 both	 the	 ferromagnetic	 spin	 resistance	 and	 the	 spin	
resistance	of	the	graphene.	An	interesting	question	is	whether	the	higher	junction	polarization	
for	 the	 thicker	 h-BN	 is	 due	 to	 spin	 filtering	 effects3,4	 predicted	 for	 h-BN	 tunnel	 barriers.	 To	
address	 this,	 further	 studies	would	 be	 needed	 to	 determine	 if	 there	 is	 a	 systematic	 trend	of	
enhanced	spin	injection	efficiency	with	increased	h-BN	thickness.	
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